ABSTRACT. It has been previously demonstrated that the developing rat lung markedly increases its catalase (CAT) and glutathione peroxidase (GP) activities during the final 10 to 15% of gestation. In the present studies, we tested whether four major antioxidant enzymes (AOE) in perinatal rat lungs might share a similar pattern of developmental AOE gene expression via a pretranslational mechanism. The left lungs of 18-d to term fetuses and early postnatal rat pups were used to measure the concentrations of AOE mRNA by solution hybridization and the right lungs of the same group of animals were assayed for AOE activities. Results revealed differential AOE gene expression in developing rat lungs. Whereas the CAT and G P activities progressively increased prenatally, the superoxide dismutase (SOD) activity either declined [copper-zinc SOD (Cu,ZnSOD)] or remained constant [manganese SOD (MnSOD)] in late gestation. Postnatally, Cu,ZnSOD and CAT activities progressively increased, whereas MnSOD remained constant and G P activity declined slightly. For Cu,ZnSOD, MnSOD, and CAT, the activity changes were generally consistent with the patterns of changes in their mRNA concentrations in both the prenatal and postnatal period, but for G P they were not. At the time of birth, however, the mRNA levels of Cu,ZnSOD and CAT decreased -40%, whereas their enzyme activities increased. For MnSOD, only a slight rise in mRNA level was observed versus -100% increase in its activity at the time of birth. These findings suggest that the AOE are not coordinately regulated, and that developmental regulation of AOE gene expression in the perinatal rat lung is complex and likely exerted at different levels of regulation. (Pediatr Res 34: 27-31,1993) 
mm Hg (2.66-3.33 kPa)] (1). To prepare the lung for this sudden transition into relative hyperoxia at the time of birth, the maturation of specific lung biochemical defensive systems may be crucial for the safe neonatal adaptation to 21% oxygen respiration.
And, in fact, it has been demonstrated now in a variety of species that development of the protective AOE system of the lung and the development of the well-investigated surfactant system share a chronologically similar late gestational pattern of maturation. The preterm fetal lung markedly increases both its surfactant content and its AOE activity levels during the final 10 to 15% of gestation (2) (3) (4) (5) (6) . This late gestational rise in AOE activities is considered to be nature's way of preparing the lung for the safe initiation of 2 1 % oxygen breathing.
To further explore the regulatory mechanism of normal perinatal rat lung AOE activity changes, we undertook a series of experimental studies to examine the hypothesis that four major AOE (Cu,ZnSOD, MnSOD, CAT, and GP) might share a similar pretranslational pattern of developmental gene expression in the prenatal and early postnatal rat lung. Previous studies of single AOE activity/mRNA changes in the fetal or postnatal lung could not provide answers to this important developmental hypothesis or to the question of coordinate AOE gene expression. The present studies were designed to use the same animal lung samples for measuring both AOE mRNA and AOE activity to determine: 1) whether changing AOE gene expression in the perinatal rat lung would be associated with related AOE mRNA concentration changes (i.e, suggestive of a pretranslational mechanism for the four AOE); and 2) whether regulation of each AOE's expression is the same during the late gestational period, at the time of birth, and during the early postnatal period (i.e. these four AOE are coordinately regulated).
MATERIALS AND METHODS

Animals and Breeding.
We have had an ongoing rat breeding program in our laboratories for the past 10 y. Adult SpragueDawley albino female rats (Charles River Laboratories, Wilmington, MA) are bred by placing two female rats with one male in the same cage overnight, checking for sperm-positive vaginal smears the next morning, and considering the midpoint of the cohabitation period as the onset of pregnancy. The timed-pregnancy rats are maintained on standard laboratory food and water ad libitzim and kept on a 12-h light/dark cycle in the accredited by cutting the great vessels in the abdomen. Their lungs were perfused immediately in situ with ice-cold saline via the pulmonary artery. The left atrial appendage was snipped off to facilitate drainage of the perfusate. The perfused lungs were then excised, stripped of nonpulmonary tissue, quickly frozen in liquid nitrogen and then stored at -70°C for later analyses. Except for the AOE mRNA degradation studies, the left lungs of each litter of animals were used for measuring the four AOE mRNA concentrations, and the right lungs of the same litters of animals were used for measuring the four AOE activities. No differentiation between male and female rats was made. cRNA preparation. The rat cRNA for Cu,ZnSOD, CAT, and GP were prepared as previously described (7, 8) . A pGEM-Blue construct a-actin cDNA (7) was used to synthesize a-actin [3H] cRNA for use as an mRNA recovery marker.
A rat MnSOD cDNA clone, pSP65-RMS, was obtained from Dr. Y.-S. Ho, Laboratory of Molecular Biology, Duke University Medical Center, Durham, NC (9) . The 1.4-kb EcoRI-fragment was subcloned into pGEM-7Zf (Promega Corporation, Madison, WI). After this plasmid was linearized, an 35S-labeled antisense cRNA probe was synthesized using T7 RNA polymerase and ["SIUTP (New England Nuclear Research Products, Boston, MA). An unlabeled sense cRNA was prepared with SP6 RNA polymerase.
AOE mRNA quantitation. Total nucleic acids were isolated from lung tissue as previously described (7) . About 5000 dpm 3H-labeled a-actin cRNA were added at the beginning of the extraction of total nucleic acids, and the radioactivity in a portion of isolated total nucleic acids was measured to determine mRNA recovery. Quantitation of each AOE mRNA was achieved using the solution hybridization assay of Durnam and Palmiter (10) . The unlabeled cRNA of Cu,ZnSOD, MnSOD, CAT, or GP were used as a standard with which we defined the range in which hybridization of each radiolabeled probe increased proportionally with added mRNA. Results of the AOE mRNA concentrations were expressed as the specific AOE mRNA molecules per mg DNA.
AOE mRNA degradation. The degradation rates of Cu,ZnSOD mRNA, CAT mRNA, and GP mRNA were measured in vitro using rat lung slices. The procedures for lung slicing and incubation in Krebs-Ringer bicarbonate medium have been described in detail (8, 11) . Actinomycin D was added to the medium (10 pg/mL) to block RNA synthesis. At 0,3,6, and 9 h of incubation in a gas phase of 95% 02/5% C02, a portion of the lung tissue was quantitated for the amounts of Cu,ZnSOD mRNA, CAT mRNA, and GP mRNA. The half-life of each mRNA was then calculated from the slope of its first-order decay curve (8) .
AOE activity assays. Lung tissue was homogenized in cold 2.5 mM potassium phosphate buffer (pH 7.8) in an Omnimix homogenizer (Omni International Inc., Waterbury, CT) at high speed for 60 s. The homogenate was centrifuged at 27 000 x g for 45 min at 4'C. The supernatant fraction was subsequently used for analyzing for AOE activities using standard spectrophotometric assays for SOD, CAT, and GP. The method of DDC treatment was used to quantitate cytostolic Cu,ZnSOD and mitochondria1 MnSOD activities (12) . One portion of each sample was incubated with 50 mM DDC at 30'C for 1 h to inactivate Cu,ZnSOD completely without affecting the activity of MnSOD. This portion was then dialyzed against three changes of 100 vol of 2.5 mM potassium phosphate buffer (pH 7.8) with 0.1 mM EDTA overnight. DDC-treated and untreated portions were then assayed for SOD activity by the xanthine oxidase-cytochrome c method (1 3). Cu,ZnSOD activity was obtained by subtracting the SOD activity of the DDC-treated sample from the total SOD activity of the untreated sample. The spectrophometric assay used for CAT activity was based on following the disappearance of H202 at 240 nM at 25'C (14) . The GP activity assay used 0.24 pM cumene hydroperoxide as substrate and monitored the rate of oxidation of NADPH at 340 nm (15) . All enzyme activities were expressed as activity units per mg DNA. DNA in aliquots of the lung homogenates used for AOE mRNA or for AOE activity was extracted and measured using purified calf thymus DNA (Sigma Chemical Co., St. Louis, MO) as a standard (16) .
Statistical Analyses. For each determination, the values for individual samples were averaged per age group, and the mean f SEM was calculated. Multiple age group comparisons were made by analysis of variance and Duncan's multiple range test. Kramer's extension of Duncan's test was used in cases of unequal number of replications (17) . The t test was used for comparing the AOE mRNA half-lives. A difference between mean values was considered significant if p < 0.05.
RESULTS
AOE activity. The developmental changes in AOE activities in perinatal rat lungs are illustrated in Figure 1 . Whereas CAT and GP activities show progressive increases from fetal d 19 to 22, MnSOD activity remains constant, and Cu,ZnSOD shows a progressive decline in activity. In the postnatal lung between d 1 and 5, Cu,ZnSOD activity progressively increases, as does CAT enzyme. MnSOD activity is constant between postnatal d 1 and 5, and GP activity declines slightly. Around the time of birth (dotted line in Figs. 1 and 2 ), between prenatal d 22 and postnatal d 1, the AOE activity changes are quite different from the prenatal patterns. For Cu,ZnSOD, a slight rise in activity ends the progressive prenatal decline; for MnSOD, a near 2-fold rise in activity occurs; for CAT, a 40% activity increase occurs; and for GP, a small fall in activity follows the prenatal rise up to fetal d 22.
AOE mRNA concentration. The developmental changes in AOE mRNA levels in the perinatal rat lungs are shown in Figure  2 . For Cu,ZnSOD mRNA (except fetal d 18 to 19), MnSOD mRNA, and CAT mRNA, the prenatal pattern of changes between gestational d 18 and 22 are similar to the pattern ofactivity changes for these AOE (Fig. 1) . For GP, however, the pattern of decreasing prenatal mRNA levels is opposite to the increasing GP activities observed. Postnatally, between d 1 and 5, the mRNA patterns essentially reflect the activity changes for these four AOE. Around the time of birth, between prenatal d 22 and postnatal d 1, for Cu,ZnSOD and CAT the mRNA changes are exactly opposite to the activity changes. For MnSOD, only a small positive mRNA change is observed versus a near 100% increase in MnSOD activity. GP activity and mRNA patterns are now similar.
AOE mRNA stability. The tested AOE mRNA half-lives for d 18 and d 2 1 of gestation are summarized in Table 1 . None of the AOE mRNA half-lives were significantly different from one another at gestational d 18 or 2 1.
DISCUSSION
"The truth is rarely pure, and never simple."-Oscar Wilde, The Importance ofBeing Earnest Aerobic cell survival requires that the cell has adequate constitutive antioxidant defense mechanisms, and survival in hyperoxia requires that cells have the capacity to rapidly respond to oxidant stress by an increase in the activity of those defense systems that can detoxify increased reactive species of oxygen and thereby prevent oxygen toxicity (18, 19) . The AOE are the key protective system in aerobic cells that protect against reactive oxygen free radicals and their damaging interaction with vital cell components-proteins (enzymes), unsaturated lipids, and DNA.
As indicated in the introduction, the previously reported late gestational elevation in AOE activities has been proposed as a critical means of protecting the newborn's lung from the relative hyperoxia it encounters at the moment of birth (2) (3) (4) (5) . Because the AOE had been shown in five different species (including the rat) to share a similar late gestational rise in activity in fetal lungs, we wondered whether these AOE in the prenatal fetal lung (and perhaps also extending to the postnatal lung) might share a similar pattern of developmental AOE gene regulation. This hypothesis was also based on two previously published studies on the mechanisms responsible for the late gestational change of rat lung Cu,ZnSOD and CAT activities, respectively. Hass et a/.
(7) earlier found that in late gestation the synthesis of rat lung Cu,ZnSOD was regulated pretranslationally. More recently, Clerch el a/. (20) reported that fetal rat lung CAT mRNA was elevated in late gestation and that the half-life of CAT mRNA was constant during late gestation, leading to the conclusion that CAT expression was regulated, at least in part, at the level of gene transcription. The molecular biology studies described herein were thus undertaken to extend these previous singleenzyme studies and to determine whether a common mechanism might be controlling the normal gene expression of four major AOE in the late prenatal and early postnatal rat lung. The chosen experimental design of using the same animal lung samples for measuring AOE mRNA concentrations as well as AOE activities (Table 1) would seem to rule out a mechanism of stabilization or destabilization of mRNA transcripts in late gestation. In contrast to the other AOE, for G P enzyme it is obvious that pretranslational regulation of G P activity cannot be involved, because activity levels substantially increase despite progressively decreasing G P mRNA levels in late gestation. Thus, G P gene expression must be regulated at a translational or posttranslational level prenatally.
In comparing our prenatal AOE activity patterns with those reported in the literature, some problems arise. Earlier studies from our own laboratory indicated a progressive prenatal rise in total SOD activity (2), which conflicts with our present prenatal Cu,ZnSOD data. This is possibly due to the different enzyme assay used in these two studies (DDC treatment versus no DDC treatment). However, we cannot explain why the absolute levels of SOD, CAT, and G P are all quite different from those found in this previous study, nor why the relative changes in late gestational CAT and G P activity are considerably lower in the present versus the previous study. In comparing our prenatal AOE activity patterns with other literature reports, we noted that Tanswell and Freeman (21) found prenatal increases in rat lung CAT, GP, and Cu,ZnSOD activities between d 18 and term, but MnSOD activity decreased in late gestation. However, subsequent studies of developmental changes in rat lung AOE activities reported different findings (22, 23). Of interest is that similarly increasing late gestational patterns of CAT and G P activities were consistently found (as in the present studies), but these consistent AOE findings were associated with variable fetal lung SOD developmental patterns reported by different laboratories.
For example, Gerdin et al. (22) found that total SOD activity showed a slight increase only between gestational d 19 and 20, and no significant changes were seen during the last days of intrauterine life. Hass el al. (23) found both Cu,ZnSOD activity and specific Cu,ZnSOD protein content decreased from gestational d 20 to 2 1. Thus, whereas our developmental patterns for CAT, GP, and MnSOD activities in the prenatal rat lung (Fig.  1 ) are similar to those reported by Tanswell and Freeman as well as these other investigators, the prenatal pattern of Cu,ZnSOD activity that we measured coincides more closely with the reports by Gerdin et al. and Hass et al.
Postnatally, it may superficially appear that a pretranslational mode of regulation may be operative for the four tested AOE, because the pattern of change in enzyme activities is essentially parallel to the pattern of change in enzyme mRNA levels (Figs. I and 2). However, postnatally (as compared with prenatally), the amount of AOE activity change that is found in comparison with the amount of change in mRNA level dramatically changes so that relatively large changes in AOE activity occur in the face of relatively small changes in mRNA levels. This implies to us that additional means of regulation of AOE gene expression are now operative, e.g. increased translational efficiency and increased AOE stability. In their study on developmental regulation of rat lung Cu,ZnSOD, Hass et al. (23) found that the half-life of this enzyme increased from -6 h during the age interval of prenatal d 21 to postnatal d 1, to -1 1 h at postnatal age 1 to 3 d and then progressively increased to adulthood. This result and our current experimental data would suggest that this posttranslational mechanism is involved, at least in part, in the overall regulation at least for Cu,ZnSOD in the postnatal rat lung.
At the time of birth, between our d 22 prenatal and d 1 postnatal time points, it appears as if the normal means of pretranslational regulation of AOE gene expression for Cu,ZnSOD, MnSOD, and CAT up to this time is suddenly altered, perhaps because of the sudden change in oxygen tension experienced by the lung cells with 21% oxygen breathing. This abrupt physiologic change appears to be accompanied by a (necessary) resetting of AOE gene regulation in the lung cells. This is reflected perhaps in the relatively large fall in mRNA levels for Cu,ZnSOD, CAT, and GP; and the rise in MnSOD mRNA concentration (and the much larger rise in MnSOD activity, perhaps secondary to the increased mitochondria1 verszrs glycolytic respiration after birth). After this abrupt transitory period, AOE gene expression may again continue to be pretranslationally regulated, but, again, other translational or posttranslational means of regulation now appear to become importantly activated. One can speculate that it is as though after birth the comparatively lower AOE mRNA levels reflect a partial "turning off' of the AOE genes, with the genes being kept in a lowered expression rate. The finding that these four AOE are not coordinately regulated, and that different levels of regulation may mediate gene expression for the different lung AOE during the perinatal period, is actually not as unique as it may first appear. For example, Snyder and Wohlford-Lenane (24, 25) found that for the three surfactant-associated proteins (SP-A, SP-B, and SP-C), their mRNA exhibited significantly different temporal and cellular patterns of induction during fetal rabbit lung development. The independent regulation of SP-A, SP-B, and SP-C in the fetal lung has also been demonstrated in the developing human lung and in the rat lung (26). Also, during hyperoxic exposure, there is evidence that surfactant lipids and the different surfactant protein responses to high oxygen exposure are also individually regulated (27). In terms of AOE, differential regulation of specific AOE in response to oxidants (28) or to hyperoxia (29) was reported recently in cultured human endothelial cells and in hamster tracheal epithelial cells in vilro. In the well-studied multiple gene response elements to oxidant stress in prokaryotes, different AOE are under the control of either the oxyR regulon (for CAT, glutathione reductase) or the soxR regulon (for MnSOD, glucose-6-phosphate dehydrogenase) (30). Thus, gene expression of AOE does not appear to be coordinately regulated in specific lung cell types in vilro, in bacteria, or developmentally in the perinatal animal lung.
Addendum. After the submission of our manuscript, we became aware of a just-published study by Clerch and Massaro (31) . These authors report finding no increases in pulmonary MnSOD activity and mRNA during late gestation in the rat, similar to our findings in this manuscript. For the other AOE examined, they found increased prenatal lung G P activity, again similar to our present findings. However, they found essentially no change in G P mRNA concentration in late gestation, which conflicts with our G P data (decline in GP mRNA). Historical data only are provided for the other AOE (Cu,ZnSOD and CAT). Also, no attempt to measure both AOE enzyme activity and AOE mRNA in the same animal lungs is indicated.
